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ABSTRACT
Using the Parkes radio telescope, we study the 21 cm neutral hydrogen (H i) properties
of a sample of galaxies with redshifts z < 0.13 extracted from the optical Two-Degree-
Field Galaxy Redshift Survey (2dFGRS). Galaxies at 0.04 < z < 0.13 are studied
using new Parkes observations of a 42 deg2 field near the South Galactic Pole (SGP).
A spectral stacking analysis of the 3,277 2dFGRS objects within this field results in
a convincing 12 σ detection. For the low-redshift sample at 0 < z < 0.04, we use the
15,093 2dFGRS galaxies observed by the H i Parkes All-Sky Survey (HIPASS) and find
a 31 σ stacked detection. We measure average H i masses of (6.93 ± 0.17) × 109 and
(1.48±0.03)×109h−2M⊙ for the SGP and HIPASS samples, respectively. Accounting
for source confusion and sample bias, we find a cosmic H i mass density of ΩH i =
(3.19+0.43
−0.59)×10
−4 h−1 for the SGP sample and (2.82+0.30
−0.59)×10
−4 h−1 for the HIPASS
sample. This suggests no (12±23 per cent) evolution in the cosmic H i density over
the last ∼1 h−1Gyr. Due to the very large effective volumes, cosmic variance in our
determination of ΩH i is considerably lower than previous estimates. Our stacking
analysis reproduces and quantifies the expected trends in the H i mass and mass-to-
light ratio of galaxies with redshift, luminosity and colour.
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1 INTRODUCTION
To obtain a complete picture of galaxy evolution, it is cru-
cial to understand how the cold gas content of galaxies
varies with cosmic time. Cold gas (< 104K), largely in the
form of neutral hydrogen (H i), is supplied through various
accretion, merger and feedback processes (eg. Kereš et al.
2005) and is later available to condense into massive molec-
ular clouds and stars. Without this gas, star formation
is quenched and evolution continues only passively. To
improve our understanding of the evolution in quantities
such as star formation rate density (Madau et al. 1996,
Hopkins & Beacom 2006), it is therefore fundamental to also
improve our understanding of changes in the cosmic gas den-
sity.
Models that attempt to predict the variation of cosmic
gas density with redshift diverge in their predictions. This
is partly due to the wide spatial range required to track the
requisite gas physics and partly because of uncertainty in
the physics of galaxy formation, in particular the action of
feedback from stars and AGN (eg. Somerville et al. 2001;
Cen et al. 2003; Nagamine et al. 2005; Power et al. 2010;
⋆ E-mail:jacinta.delhaize@icrar.org
Lagos et al. 2011). Thus, observational constraints are vi-
tal.
A number of observational techniques exist for tracing
H i gas within galaxies. At high redshifts, the Gunn-Peterson
effect applied to damped Lyman α (DLA) systems can be
exploited. Prochaska et al. (2005) and Prochaska & Wolfe
(2009) used Sloan Digital Sky Survey (SDSS) spectra to
trace systems with H i column densities above 2×1020 cm−2
at z > 1.7. Though they find a statistically significant de-
tection of evolution in the cosmic H i density within 2.2 <
z < 3.5, interpretation of their results is problematic due
to systematic effects such as dust obscuration and gravi-
tational lensing. At z < 1.65 the Lyman α transition is ob-
served at ultraviolet wavelengths, making it difficult to trace
with the limited time available on space-based observatories.
Rao et al. (2006) were able to contribute in this regime by
optically identifying DLA systems through metal absorption
lines in SDSS data. They found no evidence of evolution in
the cosmic H i density of DLAs within 0.5 < z < 5, although
their results are limited by statistical uncertainty.
The preferred method for tracing H i in the local Uni-
verse (z ≈ 0) is via the direct detection of the neutral
hydrogen 21 cm hyperfine emission line. With the wide in-
stantaneous field of view provided by multibeam receivers
on large radio telescopes, it is feasible to conduct blind,
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all-sky surveys at 21 cm. This has facilitated the detection
of H i in large numbers of galaxies. A prime example of
this is the H i Parkes All-Sky Survey (HIPASS), conducted
with the 64m Parkes radio telescope in New South Wales,
Australia (Barnes et al. 2001; Staveley-Smith et al. 1996).
HIPASS detected H i within 5, 317 galaxies at 0 < z < 0.04
(Meyer et al. 2004; Wong et al. 2006), allowing the con-
struction of the most reliable and complete H i mass func-
tion then available, and an estimate of the H i mass den-
sity for the local Universe (Zwaan et al. 2005). Similarly,
the Arecibo Legacy Fast ALFA (ALFALFA) survey aims to
detect >30,000 galaxies at 21 cm out to z = 0.06 over a
sky area of ∼7,000 deg2 (Giovanelli et al. 2005). Using the
40 per cent ALFALFA catalogue, Martin et al. (2010) find a
cosmic H i mass density 16 per cent higher than that derived
by Zwaan et al. (2005). They conclude that this discrepancy
is caused by an under-representation in the HIPASS cata-
logue of the rare, high-mass [9.0 < log(MHI/M⊙) < 10.0]
galaxies due to sensitivity limits.
Deeper, blind H i surveys are underway, such as the
Arecibo Ultra Deep Survey (AUDS). This survey aims to
directly detect significant numbers of field galaxies out to
z = 0.16 to probe the evolution of cosmic H i properties
(Freudling et al. 2011). However, the survey time required
to achieve sufficient sensitivity at these higher redshifts
restricts the observations to a narrow field (1/3 deg2 for
AUDS), thus potentially introducing a strong cosmic vari-
ance bias.
To date, the deepest detections of 21 cm emission
in individual galaxies have been made at z ≈ 0.2 by
Catinella et al. (2008) using pointed observations with the
sensitive 305m Arecibo telescope, and by Zwaan et al.
(2001) and Verheijen et al. (2007) using long integrations of
cluster galaxies with the Westerbork Synthesis Radio Tele-
scope (WSRT). While future instruments such as the Square
Kilometre Array (SKA) and its pathfinders should have the
ability to detect 21 cm emission to much higher redshifts over
large sky areas, these will not be available for a number of
years.
However, methods other than direct, individual detec-
tions are available to push the current redshift limit of H i
observations. In particular, stacking is a useful method for
probing H i within large samples of distant galaxies. Stack-
ing is the process of co-adding individual non-detections in
an attempt to boost the signal-to-noise ratio (S/N) of the
data and thereby recover a more significant statistical de-
tection.
Zwaan (2000), Chengalur et al. (2001) and Lah et al.
(2009) demonstrated that stacking can be successfully used
to examine the environmental influence on theH i properties
of cluster galaxies out to z = 0.37. Lah et al. (2007) were the
first to apply this co-adding method to field galaxies to study
the evolution of the cosmic H i density. They examined 154
star-forming galaxies selected in Hα at z = 0.24 using 21 cm
data from the Giant Metrewave Radio Telescope (GMRT);
however, averaged detections were 3σ at best.
Fabello et al. (2011a) and Fabello et al. (2011b) used
similar stacking methods to examine the impact of bulge
presence and AGN activity on the H i content of galax-
ies with stellar masses greater than 1010M⊙. They demon-
strated that when using relatively low redshift (0.025 < z <
0.05) H i data and a large sample of galaxies, strong stacked
detections were possible, even for the subsample of galaxies
individually undetected at 21 cm.
The related technique of ‘intensity mapping’, which
uses cross-correlation of radio and optical redshift data,
has been used by Pen et al. (2009), Chang et al. (2010) and
Masui et al. (2013) to detect H i in samples at even higher
redshift.
The work presented here aims to constrain the cosmic
density of H i out to z = 0.13 and demonstrate the accu-
racy of the stacking method over this redshift range. We
have employed the fast survey speed of the Parkes telescope
to collect 21 cm observations of a very large sample of field
galaxies from the Two-Degree-Field Galaxy Redshift Survey
(2dFGRS). The sample selection is not biased by environ-
ment, star formation signatures, or any particular physical
characteristic other than the optical magnitude limits of the
2dFGRS. By using the wide but low-redshift HIPASS data,
in combination with new, spectrally deep Parkes observa-
tions of a smaller subsection of the 2dFGRS footprint, we
can examine the H i content of galaxies over the full range
0 < z < 0.13.
Section 2 of this paper presents the optical redshift sur-
vey and the radio observations used in the analysis. The
source selection and stacking procedures are described in
Section 3. In Section 4.1 we present an analysis of noise
behaviour in the H i data. Section 4.2 discusses the influ-
ence of source confusion on our results and illustrates how
we correct for this. Section 4.3 describes the H i mass den-
sity calculation and Section 4.4 considers the impact of cos-
mic variance. Trends in H i properties with redshift, lumi-
nosity and colour are measured in Section 4.5. Finally, we
present our conclusions in Section 5. We have assumed a Λ
cold dark matter cosmology with a reduced Hubble constant
h = H0/(100 kms
−1Mpc−1)= 1.0, ΩΛ = 0.7 and ΩM = 0.3.
2 THE DATA
2.1 The 2dFGRS optical catalogue
The basic principle of the H i stacking analysis employed
here is to identify the positions and redshifts of galaxies
using an external source catalogue containing optical red-
shifts, extract the H i information at these coordinates and
then co-add the data. For the present analysis, the positions
and redshifts are provided by the 2dFGRS. The 2dFGRS is a
spectroscopic survey of over 250,000 galaxies conducted with
the 2dF multifibre spectrograph on the Anglo-Australian
Telescope. This survey covers two large strips, one in the
Northern Galactic hemisphere and one in the south, as well
as a number of small, random fields. The total sky coverage
is ∼2,000 deg2. See Colless et al. (2001) for further details
of the surveyed regions.
The input photometric source catalogue for this sur-
vey comes from an adapted catalogue of Automated Plate
Measuring (APM) machine scans of the Southern Sky Sur-
vey taken with the UK Schmidt Telescope. These target
sources have extinction-corrected magnitudes brighter than
bJ = 19.45. All APM bJ magnitudes used in this paper are
extinction-corrected, but not (k+ e)-corrected for bandpass
and evolution. These corrections will be incorporated into
the corresponding redshifted luminosity density.
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As described in Colless et al. (2001), the redshifts were
estimated using a combination of automated absorption
spectral shape fitting, emission line identification and man-
ual input. Each redshift was assigned a quality factor Q
between 1 (no reliable redshift available) and 5 (very reli-
able redshift). We find that sources with Q > 3 are suf-
ficient for our stacking analysis. Colless et al. (2001) state
that Q > 3 redshifts have a root-mean-square (rms) un-
certainty of 85 kms−1 and can be used with 98.4 per cent
reliability.
2.2 H i observations and data
2.2.1 South Galactic Pole observations
We conducted a 21 cm survey with the 64m Parkes radio
telescope over a 42 deg2 (7◦×8◦) sky field centred on right as-
cension (RA) 00h42m00s and declination (Dec.) -29◦00′00′′
(J2000), close to the South Galactic Pole (SGP). The region
was chosen as it contains an overdensity of available 2dFGRS
spectra (described further in Section 3.1). This provides a
high number of spectra per square degree available for a
stacking analysis. 87 h of telescope time was used for obser-
vations of this field. These were conducted on 2008 Novem-
ber 20-25, 2009 August 17-20 and 2009 September 25-29
with an estimated 52 h of on-source integration.
The observations used the multibeam correlator with
two adjacent frequency bands, each with 1024 spectral chan-
nels over a bandwidth of 64MHz. The bands were cen-
tred on 1285 and 1335MHz with a 14MHz overlap to re-
duce the impact of the bandpass shape. Observations in
the two frequency bands were taken independently. The
full frequency coverage of the Parkes data is thus 1253-
1367MHz over two polarizations. We therefore have the po-
tential to detect galaxies with 21 cm redshifts in the range
0.0391 < z < 0.1336. The resulting channel spacing is
62.5 kHz.
2.2.2 HIPASS observations
We also present a study using all overlapping data from
the 2dFGRS catalogue and HIPASS. HIPASS was also con-
ducted with the Parkes 64m dish using the 21 cm multi-
beam receiver (Staveley-Smith et al. 1996) and covers the
entire sky south of Dec. +25◦. The HIPASS velocity range
is −1280 < cz < 12700 kms−1, corresponding to a fre-
quency coverage of 1362.5−1426.5 MHz and redshifts below
z = 0.0423. Observations of the southern field (below Dec.
+2◦) were completed over the period from 1997 February to
2000 March (Barnes et al. 2001). The northern field (Dec.
+2◦ to +25◦) was observed from 2000 to 2002 (Wong et al.
2006). The HIPASS and SGP data sets overlap by only
4.5MHz (∆z = 0.003) in spectral range, making the two
data sets highly complementary.
2.2.3 Telescope scanning mode
Both data sets were collected using a similar Parkes scan-
ning mode, where the telescope is actively scanned across
the required sky area at a rate of 1◦min−1. While HIPASS
only used scans in declination, the SGP observations used
a ‘basket-weave’ pattern, with the entire field also covered
by right ascension scans. This reduces the effect of negative
sidelobes around bright continuum sources created by the
bandpass correction. Using this technique, the SGP field was
completely surveyed 15 times in each spectral band within
the available time frame.
2.2.4 Data reduction and interference mitigation
Bandpass removal and calibration were conducted identi-
cally for both data sets using the livedata1 reduction pack-
age. See Barnes et al. (2001) for a detailed explanation of
these processes. The data were smoothed to reduce the ef-
fects of ringing created by strong Galactic emission and/or
strong radio frequency interference (RFI), such as from
satellites. Hanning smoothing was applied to the SGP data.
HIPASS utilized Tukey 25 per cent smoothing. However, we
have also applied Hanning smoothing to the data for con-
sistency. The spectral resolution after smoothing is 125 kHz
(26.4 kms−1 at z = 0).
The use of robust statistics in HIPASS data processing
(see Section 2.2.5 below) was sufficient to mitigate against
the majority of RFI. However, the lower frequencies probed
during SGP observations suffer from greater RFI. To im-
prove the quality of the SGP data, we applied an auto-
mated RFI masking routine to the reduced, smoothed data.
The mean and rms noise levels were calculated in an RFI-
free region and the resultant 3σ clipping threshold was set
at 250.5mJy. All pixels with absolute deviations above this
threshold were masked. This was not sufficient to completely
mitigate against the presence of strong satellite RFI in the
frequency range 1262.4−1276.8 MHz. It was not consistently
present and appears in 24 per cent of the observations in
the 1285MHz band. Therefore, the full range of affected
channels was completely masked in all data files contain-
ing this RFI. This method was successful in recovering only
the good quality data in the broad-band RFI zone. In addi-
tion, all data in channels around 1280, 1300, 1312, 1316, and
1350MHz were masked as they were also completely con-
taminated by satellite RFI. The resulting fraction of flagged
data per channel is shown in Fig. 1.
2.2.5 Gridding
The reduced Parkes data were gridded using gridzilla2.
Robust median averaging was used to minimize the impact
of RFI on the final cubes and the two polarizations were
added. Pixel sizes in the gridded data are each 4×4 arcmin2.
For more details, see Barnes et al. (2001).
The SGP field is sufficiently small that it is reasonable
to produce a single cube in each frequency band. To account
for the band overlap, each cube was cut at 1310MHz and the
two were then concatenated together such that the frequency
coverage was continuous. The rms noise per channel in the
RFI-free part of the final data cube is 8.5mJy beam−1. The
1 livedata is supported by the Australia Tele-
scope National Facility and is available at
http://www.atnf.csiro.au/computing/software/livedata/
2
gridzilla is supported by the Australia Tele-
scope National Facility and is available at
http://www.atnf.csiro.au/computing/software/livedata/
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Figure 1. The percentage of low-quality SGP data excluded in
each frequency channel, largely due to the presence of satellite
RFI.
flux density scale is calibrated against 1934-638 and Hydra
A. Calibrations are consistent to within ∼ 2 per cent.
Since the sky coverage of the HIPASS data is so large,
the southern region is split into 388 separate sky fields,
each measuring 8 × 8deg2 (Barnes et al. 2001). The north-
ern HIPASS field consists of 102 8 × 8deg2 cubes and 48
8× 7deg2 cubes (Wong et al. 2006). The rms noise level of
the HIPASS data is 13.3 mJy (Barnes et al. 2001), which is
56 per cent higher than the SGP data. The effective spatial
resolution of both the gridded SGP and HIPASS data sets
is 15.5 arcmin.
3 ANALYSIS
3.1 SGP source selection
There are 4,240 2dFGRS sources in the SGP field with high-
quality redshifts (Q > 3) covered by the 21 cm observations.
However, not all of these are suitable for use in this stacking
analysis. All channels within 2MHz of the extremes of the
spectral range were discarded due to the bandpass shape,
and the corresponding sources rejected. Therefore, we have
a final redshift coverage of 0.0405 < z < 0.1319 for this SGP
sample. Additionally, sources were rejected from the sample
if their redshifted H i signatures fell at frequencies with 100
per cent RFI occupancy in the data (see Fig. 1).
Continuum sources must be avoided as they can induce
standing waves in the data (Barnes et al. 2001) and cre-
ate a discontinuity between the two spectral bands. Using
the NRAO VLA Sky Survey (NVSS) source catalogue by
Condon et al. (1998), the 17 continuum sources in the SGP
field with 1.4GHz flux densities greater than 200mJy were
identified. The 840 2dFGRS galaxies with angular separa-
tions from these continuum sources of less than the spatial
resolution of the data were discarded from the sample.
Our final 2dFGRS sample therefore contains 3,277
sources suitable for stacking within the SGP field. The he-
liocentric redshift distribution of these sources is shown in
Fig. 2. Many galaxies are distributed around z = 0.11 and
the average redshift of the sample is 0.096. This ‘clumpiness’
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Figure 2. The heliocentric redshift distributions of the optical
samples considered here. The black line shows the 3,277 2dFGRS
sources within the observed SGP region and spectral range suit-
able for stacking. The mean redshift is 0.096. Overlaid in green is
the redshift distribution of the full 2dFGRS catalogue across this
redshift range, scaled by the ratio of the SGP to total 2dFGRS
field areas. The red line shows the distribution of the 15,093 2dF-
GRS sources with available HIPASS spectra. The average redshift
of this sample is 0.029.
in redshift space is not attributable to a single galaxy clus-
ter, but seems to be probing genuine cosmic structure. For
example, the 2dFGRS Percolation-Inferred Galaxy Group
(2PIGG) catalogue by Eke et al. (2004) identifies 17 galaxy
groups with 10 or more members at z ≈ 0.11 within the
SGP region.
For comparison, the redshift distribution of the full 2dF-
GRS catalogue (across the relevant z range) is also shown
in Fig. 2. It has been scaled down by the ratio of the full
2dFGRS and SGP field areas so the shape of the two distri-
butions can be compared. The full 2dFGRS distribution is
far more uniform across redshift and the ratio of the total
source counts reveals that the SGP field contains an ∼ 30
per cent overdensity at these redshifts. It is therefore evi-
dent that large-scale clustering is present in the chosen SGP
field, highlighting the importance of cosmic variance consid-
erations in such an analysis. This is discussed in detail in
Section 4.4.
3.2 HIPASS source selection
The full HIPASS completely covers the 2dFGRS footprint,
but is limited in redshift coverage. There are 15,152 2dFGRS
sources with reliable redshifts (Q > 3) within the spectral
range of the HIPASS data that are appropriate for stacking.
This number excludes any sources with z < 0.0025 (v < 750
kms−1) to minimize contamination from the Galaxy and
misclassified stars. We have removed the contribution of
any Galactic emission from all spectra by masking frequency
channels between 1418.4 and 1422.4 MHz. Our final HIPASS
sample consists of 15,093 2dFGRS sources. The redshift
distribution is shown in Fig. 2. According to Barnes et al.
(2001), the contribution from continuum sources has already
been suppressed in the HIPASS data by fitting a weighted
c© 2013 RAS, MNRAS 000, 1–14
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Figure 3. The 21 cm flux density spectrum of the only directly
detected 2dFGRS source in the SGP field. The gap in the spec-
trum is due to RFI flagging. The dashed red lines show the nomi-
nal width of the profile and the vertical dotted line indicates rest
frequency.
Parameter Value
RA (2dFGRS) 00:40:04.28
Dec. (2dFGRS) -30:35:45.60
z (2dFGRS) 0.0500
νcentre (MHz) 1352.8
∆v (km s−1) 329
S/N 7.2
Sint (mJyMHz) 24
MH i (×10
9 h−2M⊙) 29
Table 1. Measured parameters of the SGP detection in Fig. 3.
average of the spectral shape near these sources and sub-
tracting from all subsequent spectra.
3.3 Stacking process
3.3.1 Extracting H i spectra
For each 2dFGRS source in our final sample, we extracted
the full 21 cm spectrum from the data cube using an optimal
weighting according to the beam shape, centred on the pixel
corresponding to the RA and Dec. defined in the optical
catalogue. This extraction strategy optimizes the S/N of the
stacked spectrum but results in an expanded effective beam
width of 21.2 arcmin (∼1.6 h−1Mpc at z = 0.1) for the SGP
data and 21.9 arcmin (∼0.6h−1Mpc at z = 0.03) for the
HIPASS data.
We find one direct H i detection of a 2dFGRS source in
the SGP sample with an S/N of 7.2. The H i spectrum of
this source is shown in Fig. 3 and the measured parameters
are reported in Table 1. There is no firm evidence of H i
detection in the rest of the sample.
In contrast to this, there are numerous, significant in-
dividual detections in the HIPASS spectra owing to the
fact that HIPASS surveys the more local Universe. The
HIPASS source catalogue (HICAT) created by Meyer et al.
(2004) (southern field) and Wong et al. (2006) (northern
field) identifies 5,317 H i sources in total. 226 of these co-
incide spatially and spectrally with 2dFGRS galaxies in our
sample such that they will contribute to the extracted H i
spectrum.
The H i mass per unit frequency in the observed frame
(hereafter referred to as the mass spectrum MH i,νobs ) can
be calculated from:
(
MH i,νobs
M⊙MHz
−1
)
= 4.98 × 107
(
Sνobs
Jy
) (
DL
Mpc
)2
, (1)
where Sνobs is the observed-frame H i flux density and DL
is the luminosity distance.
3.3.2 Stacking spectra
The first step in the stacking process is to align all ex-
tracted spectra at rest frequency (1420.406MHz). The spec-
tral axis is converted from the observed to the emitted frame
via νem = νobs(1 + z). To conserve the total mass (i.e.´
MH i,νemdνem =
´
MH i,νobsdνobs), the H i mass per unit
frequency in the galaxy rest frame is given by
MH i,νem =
MH i,νobs(1+z)
(1 + z)
. (2)
The data around rest frequency now contain any H i emis-
sion associated with the galaxies. These n aligned spectra are
then ‘stacked’ by finding the weighted mean in each channel:
〈MH i〉νem =
n∑
i=1
(wiMH i,νem,i)
n∑
i=1
wi
, (3)
where MH i,νem,i is the value of the ith mass spectrum
at emitted frequency νem. We choose the weighting factor
wi = σ
−2
i (where σ is the rms noise level of each observed-
frame flux density spectrum), which improves the S/N of the
final co-added spectrum. Using wi = (σiD
2
i )
−2 would fur-
ther optimize the S/N but would reduce the effective volume
and increase cosmic variance in our results.
The stacked spectra produced by co-adding all 3,277
SGP sources and 15,093 HIPASS sources are shown in Fig.
4. Although only one galaxy is individually detected in the
SGP data, a strong 12 σ averaged detection is achieved
through stacking. As expected, a more significant 31 σ
stacked detection is achieved for the HIPASS sample due
to the presence of many strong individual detections and a
larger overall sample size.
The stacked SGP profile nominally spans the spectral
range indicated by the dashed lines in Fig. 4 and is 1418.23−
1421.97MHz (∆v = 790 kms−1). The stacked HIPASS pro-
file spans 1418.83− 1421.77MHz (∆v = 621 km s−1). These
are significantly wider than the expected H i line widths of
the individual galaxies contributing to the stack (see Section
4.2.1).
c© 2013 RAS, MNRAS 000, 1–14
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Possible explanations for the broadened stacked pro-
files include: (i) systematic differences between optical and
radio redshifts, (ii) errors in the optical redshifts (85 km s−1)
and (iii) source confusion. The principle cause is likely con-
fusion, particularly in the case of the higher redshift SGP
data where a larger volume is probed per beam. This will
be explored in detail in Section 4.2.
Note that the HIPASS spectrum is symmetric as ex-
pected, yet the SGP spectrum is ∼0.62MHz (130 km s−1)
wider at frequencies below the rest frame. This does not
appear to be related to optical redshift accuracy.
The green line in Fig. 4 indicates the noise level from av-
eraged mock spectra created by stacking sources from a con-
trol catalogue. This catalogue was generated by randomly
mismatching 2dFGRS redshifts and the source positions. By
using the false redshifts in the extraction process, the chan-
nels shifted to 1420.4MHz should not contain any H i emis-
sion. Thus, co-adding these mock spectra will not produce
any stacked detection but will closely approximate the noise
behaviour. A baseline was removed from all stacked spec-
tra via fourth-order least-squares polynomial fitting over a
14MHz spectral range, excluding the signal region.
3.3.3 Average H i mass
Integrating over the channels containing the stacked detec-
tion (νem,1 to νem,2) gives the average H i mass of the sam-
ple:
〈MH i〉 =
ˆ νem,2
νem,1
〈MH i〉νem dνem . (4)
We find average H i masses of 〈MH i〉 = (6.93± 0.17) ×
109 h−2M⊙ for the SGP sample and 〈MH i〉 = (1.48±0.03)×
109 h−2M⊙ for the HIPASS sample.
The error on the average mass is estimated by produc-
ing 10 control catalogues as in Section 3.3.2, repeating the
stacking process for each, and then calculating the rms de-
viation in the integrated mass over the signal region.
In both cases, we appear to be sampling galaxies
with average masses of less than M∗H i=8.4 × 10
9 h−2M⊙
(Zwaan et al. 2005). The 5σ detection limit at the mean
redshift of the SGP sample corresponds to an H i mass of
∼ 1× 1011 h−2M⊙.
Note, however, that the average masses calculated here
will be larger than the true value for each sample. This is
due to significant source confusion in the data and will be
discussed in Section 4.2. The significantly smaller mass ob-
tained for the HIPASS sample is due to the 2dFGRS magni-
tude limit which allows more nearby, low-luminosity galaxies
to appear, and due to less confusion with other galaxies in
the telescope beam.
4 RESULTS
4.1 Noise behaviour
The best possible S/N achievable with a stacking analysis
will be obtained if the noise behaves in a purely Gaussian
manner and decreases with the square root of the number
of co-added spectra. To demonstrate the noise behaviour
1.0 1.5 2.0 2.5 3.0 3.5 4.0
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Figure 5. The rms noise level of the co-added spectrum versus
the number of individual spectra contributing to the stack. The
round black points are generated using SGP data and the red
diamonds with HIPASS. The dashed lines show the best fit to
the data. Both have gradients close to -0.5.
of the Parkes data, we stack N randomly selected spectra
taken from the control catalogues described in Sections 3.3.2
and 3.3.3. Note that in this case we are stacking the flux
density spectra, as opposed to the mass spectra. We then
find the rms noise per channel calculated over the spectral
range indicated by the dashed lines in Fig. 4.
Fig. 5 shows the noise level of the stacked spectrum
as a function of the number of co-added spectra. It is evi-
dent that the noise within the signal region of the stacked
21 cm spectra in both data sets displays Gaussian behaviour,
with gradients −0.48± 0.05 (SGP sample) and −0.50± 0.03
(HIPASS sample). This demonstrates that our data reduc-
tion has been successful in mitigating against non-Gaussian
noise contributions from eg. RFI, residual continuum emis-
sion and insufficient bandpass calibration. If we do not apply
these careful corrections to the data, we see evidence of a
noise ‘floor,’ i.e. the sensitivity does not continue to decrease
with the expected gradient, but flattens out once the non-
Gaussian components begin to dominate.
We reach a final sensitivity of 68µJy by stacking all
3,277 SGP spectra and 68µJy by stacking all 15,093 HIPASS
spectra. The integration time is 975 s/pixel in the SGP data
and 220 s pixel−1 in HIPASS (Barnes et al. 2001). This dif-
ference explains the vertical displacement of the SGP and
HIPASS noise trends in Fig. 5. Despite the greater number
of sources contributing to the final HIPASS stack, the longer
integration time per pixel for the SGP data results in a sim-
ilar final sensitivity. Observation of a single source for ∼ 37
d would be required to attain the same sensitivity as these
final stacked spectra.
Note, however, that the mass spectra in Fig. 4 incor-
porate a DL
2 factor (see equation 1), which is larger for
the higher redshift SGP sample. The rms noise level in the
stacked SGP mass spectrum is therefore six times larger
than for HIPASS.
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Figure 4. The co-added H i mass spectrum of all 3,277 SGP sources (left) and 15,093 2dFGRS sources covered by HIPASS (right).
The vertical dotted line indicates the rest frequency of the H i line. The dashed red lines represent the nominal width of the stacked
signal. The stacked spectrum generated using the control catalogue is shown in green to indicate the noise level in each case. A fourth-
order polynomial baseline has been subtracted from all co-added spectra. Data between the dashed red lines were excluded when fitting
baselines to the black spectra.
4.2 Confusion
The accuracy of the average quantities we measure via this
stacking method will ultimately be limited by confusion in
the Parkes data. We are unable to distinguish between mul-
tiple objects within the Parkes beam and therefore addi-
tional H i flux from neighbouring galaxies can contaminate
our measurements.
Based on the simulated results of Obreschkow et al. (2013)
and the observed H i line widths of HICAT galaxies, it is
reasonable to assume a maximum line width of 600 km s−1
for any individual galaxy contributing to our analysis.
As discussed in Section 3.3.2 above, the stacked H i sig-
nals we achieve are broader than this, particularly for the
SGP sample. Therefore, we consider all the flux in the wings
of the stacked H i profile, beyond ±300 kms−1 (±1.42 MHz)
from the rest frame, to exist solely due to confusion with
other galaxies in the 2dFGRS catalogue, as well as fainter
sources below its magnitude limit.
Restricting the integral in equation (4) to this spectral
range would partially correct for confusion in the measured
〈MH i〉. However, any flux within ±300 kms
−1 will still in-
clude contributions from confused sources, as well as from
the target galaxies themselves. The challenge is therefore to
identify which sources are confused over this spectral range,
and then to correct for this.
4.2.1 Line width estimation with the Tully-Fisher relation
We do not directly detect the H i signature of many galax-
ies in our sample and so cannot determine their H i profile
widths. Therefore, we cannot ascertain in advance whether
we are integrating over single or multiple H i profiles and
hence we cannot easily discern the extent of spectral confu-
sion.
One way to overcome this is to estimate the H i line
widths of each galaxy in our sample using the Tully-Fisher
relation. We choose the B-band relation of Meyer et al.
(2008) which was derived using optical counterparts to
HIPASS galaxies:
log(vrot) = −(MB + 5 log h+ 1.4)/8.6 , (5)
where vrot is the rotational velocity of the galaxy (in km s
−1)
and MB is the B-band absolute magnitude. B apparent
magnitudes are estimated from the SuperCOSMOS bJ and
rF apparent magnitudes available in the 2dFGRS catalogue
as follows3 :
B = bJ − 0.0047 + 0.236(bJ − rF ) . (6)
SuperCOSMOS magnitudes used in equation (6) have not
been corrected for extinction by the Galaxy. However, we
only require indicative values for B and vrot. The H i line
width WH i (defined at 50 per cent peak flux) can then be
estimated using:
WH i = 2vrot sin(i) , (7)
where i is the inclination of the galaxy, calculated from
the observed axial ratio as in equation (24) in Meyer et al.
(2008). The distribution of the resulting line width estimates
is shown in Fig. 6. The average width is 150 kms−1 for SGP
and 100 kms−1 for HIPASS. This seems reasonable in com-
parison to the H i line widths of HICAT galaxies, which have
an average of 178 kms−1.
4.2.2 Identification of confused sources
Using the Tully-Fisher predicted line widths, we can now
identify which 2dFGRS galaxies are likely to give rise to
confusion over the spectral range of interest. We consider a
3 Derived from magnitude conversions available at
www2.aao.gov.au/2dfgr/
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Figure 6. H i line widths estimated using the Tully-Fisher rela-
tion for the sample of SGP (black) and HIPASS (red) galaxies.
Quantities have been normalized to show the relative spread in
estimated line widths.
source confused with a particular target galaxy if: (i) it is
within one beam width of the target galaxy (±21.2 arcmin
for the SGP,±21.9 arcmin for HIPASS) and (ii) if any part of
its predicted H i profile is within ±300 kms−1 of the target
galaxy’s recessional velocity.
As expected, we find significantly more confusion in the
higher redshift SGP field. On average, any one SGP galaxy
is confused with seven others. In the lower redshift HIPASS
data, this decreases to three.
4.2.3 Luminosity correction
The goal of this paper is to derive an estimate of H i density,
based on the mass-to-light ratio of the galaxies. While we
cannot fully correct 〈MH i〉 for confusion, we can account
for this in the density estimate by artificially ‘confusing’ the
optical luminosities. We do this by defining
L′ =
n
f
∑
i=1
Libi + L0 , (8)
where L0 is the luminosity of the central galaxy, Li are
the luminosities of the n confused galaxies, bi is the
beam weighting factor defined using a Gaussian with full
width at half maximum (FWHM)=21.2 arcmin (SGP) and
FWHM=21.9 arcmin (HIPASS), and f is an extrapolation
factor to account for luminosity from galaxies fainter than
the 2dFGRS survey limit. The latter assumes the luminos-
ity density function of Norberg et al. (2002), accounting for
evolution and k-corrections.
Fig. 7 shows the original bJ luminosity distribution of
each sample, compared to the confusion-adjusted luminos-
ity distribution (L′). The average (catalogued) luminosity
for the SGP sample is 6.62 × 109 h−2 L⊙. Once adjustment
for confusion has been carried out, this average increases
by a factor of 5 to 3.36 × 1010 h−2 L⊙. The average origi-
nal luminosity of the HIPASS sample is 1.93 × 109 h−2 L⊙,
which increases by a factor of 2.5 to 4.87×109 h−2 L⊙ when
adjusted. As expected, the correction to the HIPASS lumi-
nosities is less significant to that of the SGP, due to less
source confusion and a fainter absolute luminosity limit.
4.3 H i mass density
The H i density, ρH i, can be calculated from the luminosity
density and the mass-to-light ratio using
ρH i =
〈
MH i
L
〉
ρL
× ρL , (9)
as in eg. Fall & Pei (1993). We use the bJ luminosity
density ρL = (1.82 ± 0.17) × 10
8 hL⊙Mpc
−3 derived by
Norberg et al. (2002) using the full 2dFGRS catalogue, with
appropriate evolution and k-corrections applied (up to 17
per cent at the redshifts of the SGP galaxies).
We calculate 〈MH i/L〉 by stacking individual MH i/L ‘spec-
tra’. We do so via equations (3) and (4), replacingMH i,νem,i
with MH i,νem,i/L
′
i. As discussed in Section 4.2, it is ap-
propriate to restrict the spectral integration range to
±300 km s−1 from the rest frame since any contribution
outside of this is due only to confused sources. We find
〈MH i/L〉 = 0.43 ± 0.03M⊙/L⊙ for the SGP sample, and
0.72 ± 0.03M⊙/L⊙ for the HIPASS sample, where the er-
rors are measured as in Section 3.3.3.
We require the mass-to-light ratio to be weighted by
the luminosity density, rather than the luminosity selection
function of the input catalogue (hence the subscript ρL in
equation 9). We therefore apply a weighting correction to
the mean mass-to-light ratio as follows:
〈
MH i
L′
〉
ρL
=
〈
MH i
L′
〉
s
×
´
N(L)dL´
LαN(L)dL
×
´
LαρL(L)dL´
ρL(L)dL
,
(10)
where ρL(L) is the luminosity density function and N(L)
is the original luminosity distribution of the input redshift
sample. The parameter α is the power-law dependence of
the average H i mass-to-light ratio of galaxies on luminosity
in solar units:
MH i
L
= βLα . (11)
We adopt the z = 0 values α = −0.38 and log β =
(3.34 − 2α log h) found by Karachentsev et al. (2008) us-
ing a subset of HIPASS galaxies with optical counterparts.
For the HIPASS sample, the weighting factor applied to the
mean mass-to-light ratio is 0.62. For the SGP sample, where
galaxies are more luminous and have lower H i mass-to-light
ratios, it is 1.35. That is, the mean H i mass-to-light ratio is
predicted to be 2.2 times greater for galaxies in the HIPASS
sample compared with the SGP sample on the basis of our
previous knowledge of the luminosity dependence ofMH i/L.
We convert ρH i into a fraction of the critical density of
the Universe per unit comoving volume, ΩH i, using
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Figure 7. The luminosity distribution of all stacked optical sources in the SGP field (left) and HIPASS field (right). The black line
represents the original bJ luminosities of the sample, as defined in the 2dFGRS source catalogue. The red line shows the distribution
once luminosities have been adjusted to include a beam-weighted sum of the luminosities of all confused galaxies.
ΩH i =
8piGρH i
3H20
, (12)
where G is the gravitational constant and H0 is the Hub-
ble constant. We find ΩH i = (3.19
+0.43
−0.59) × 10
−4 h−1 for the
0.04 < z < 0.13 SGP data and (2.82+0.30−0.59)×10
−4 h−1 for the
z < 0.04 HIPASS data. This implies that there has been no
(12±23 per cent) evolution in the cosmic H i mass density
over the past 1.2 h−1Gyr.
The errors in ΩH i are a combination of: (i) the ∼6 per
cent error in 〈MH i/L〉 quoted previously, (ii) a 9 per cent
error in ρL and (iii) the 1−11 per cent estimated uncertainty
in the confusion correction. The latter was estimated from:
(a) variance in 〈MH i/L〉 in different windows from ±200 to
±400 kms−1 over the stacked spectrum and (b) variance in
〈MH i/L〉 calculated using different angular resolutions (and
corresponding confusion corrections) in the range 15.5−21.9
arcmin.
Table 2 and Fig. 8 compare the values calculated here to
other observational constraints on ΩH i from the literature.
Values at look-back times of less than 4h−1Gyr have been
calculated from either direct or stacked 21 cm detections.
The Chang et al. (2010) point at 4.8 h−1Gyr was derived
using 21 cm intensity mapping. All other points estimate the
H i column density of galaxies from the absorption spectra of
background QSOs. The evolutionary trends in Fig. 8 are flat-
ter than other examples of this plot in the literature because
we have removed the contribution of helium from the val-
ues presented in Rao et al. (2006) and Lah et al. (2007) and
used the latest DLA measurements of Prochaska & Wolfe
(2009) rather than Prochaska et al. (2005).
The ΩH i values we derive here are consistent, within
the error margins, with previous estimates over the same
redshift range by Zwaan et al. (2005), Martin et al. (2010)
and Freudling et al. (2011). It is particularly interesting to
note the close agreement between our low-redshift result,
derived by stacking HIPASS detections and non-detections,
and that of Zwaan et al. (2005), derived from only direct
HIPASS detections.
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Figure 8. Observational constraints on the cosmic H i mass den-
sity ΩH i as a function of look-back time. The horizontal error bars
indicate the full redshift range over which the measurement ap-
plies. The ΩH i estimates using spectral stacking of HIPASS and
SGP data are shown as the black diamond and square points,
respectively.
It is possible that we have underestimated our uncer-
tainties in the confusion correction. Perhaps, due to evolu-
tion, there are more low-mass galaxies in our beam than we
have accounted for. Whether or not this is the case will be
apparent in future deep studies with radio telescopes with
smaller beam sizes. However, it could also be that the other
measurements listed have missed galaxies, perhaps because
of the difficulty in defining selection functions or extrapo-
lating the H i density function, and are not as accurate as
claimed. The use of the stacking method means that the
contribution from even low H i mass galaxies is included.
Furthermore, as will be apparent in the next section, previ-
ous surveys may in fact be completely dominated by cosmic
variance.
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Source 〈z〉 Look-back time (h−1Gyr) ΩH i (×10
−4 h−1)
Zwaan et al. (2005) 0.015 0.15 2.6± 0.3
This paper (HIPASS) 0.028 0.27 2.82+0.30
−0.59
Martin et al. (2010) 0.026 0.25 3.0± 0.2
This paper (SGP) 0.096 0.88 3.19+0.43
−0.59
Freudling et al. (2011) 0.125 1.12 3.4± 1.1
Lah et al. (2007)a 0.24 1.99 4.9± 2.2
Rao et al. (2006)a,b 0.505 3.55 5.2± 1.9
Chang et al. (2010) 0.80 4.78 5.5± 1.5
Rao et al. (2006)a,b 1.275 6.07 5.0± 1.5
Prochaska & Wolfe (2009)b 2.31 7.47 2.78+0.48
−0.48
Prochaska & Wolfe (2009)b 2.57 7.68 3.73+0.41
−0.43
Prochaska & Wolfe (2009)b 2.86 7.87 3.73+0.39
−0.39
Prochaska & Wolfe (2009)b 3.22 8.06 5.24+0.44
−0.46
Prochaska & Wolfe (2009)b 3.70 8.26 6.07+1.05
−1.06
Prochaska & Wolfe (2009)b 4.39 8.48 5.90+1.26
−1.11
Table 2. Observational constraints on ΩH i from the literature. All values have been converted to the same cosmology. The mean
redshift and associated look-back time of each sample are quoted. Results presented in this paper are shown in bold. Errors on our values
include statistical uncertainty in our stacking analysis, uncertainty in the 2dFGRS luminosity density and systematic errors introduced
by correction for confusion. a Original values quoted were Ωgas and included a He contribution but have been converted to ΩH i here. (See
source for the value of the assumed contribution). b Values were calculated using only systems with H i surface densities > 2×1020 cm−2
(i.e. measures ΩDLA
H i
).
4.4 Cosmic variance
When observations are limited to a finite volume of the Uni-
verse, a significant contribution to the error in estimates
of cosmological values, such as ΩH i, can come from cosmic
variance. That is, variation in galaxy density due to large-
scale structure. By employing the stacking technique, we
are not restricted to volumes where direct detections are
possible. Therefore, the volumes we probe are 3.7 × 105
and 3.4 × 105 h−3Mpc3 for the SGP and HIPASS sam-
ples, respectively. Within the median 2dFGRS redshift range
(z < 0.11), the SGP volume reduces to 1.8 × 105 h−3Mpc3.
These are significantly larger than the sampled volumes of
Zwaan et al. (2005) using HICAT (8.2×104 h−3Mpc3, for a
median redshift of 0.009), Martin et al. (2010) using the 40
per cent ALFALFA source catalogue (1.4×105 h−3Mpc3, for
a median redshift of 0.027) and Freudling et al. (2011) using
the AUDS pilot survey (7.5 × 102 h−3Mpc3). Furthermore,
the luminosity density ρL is calculated by Norberg et al.
(2002) from an even higher volume of 7.3 × 106 h−3Mpc3.
Therefore, uncertainty in ΩH i due to cosmic variance is dra-
matically lower in our results than in than any previous
sample.
As discussed in Section 3.1, we have chosen a region
which is not representative of the average Universe at 0.04 <
z < 0.13. Rather, the SGP field contains a small overdensity.
The selection of an over-dense region gives a higher volume-
integrated H i mass. However, to first order, this should not
bias our measurement of the average mass-to-light ratio of
galaxies, and therefore the H i mass density we calculate
will be a fair estimate of the cosmic value. While the lo-
cal environment is known to influence the H i properties of
galaxies (eg. Haynes et al. 1984), little is known about the
relationship between the H i mass-to-light ratio and galaxy
density over the very large scales and very low overdensi-
ties we probe. For comparison, galaxies in the Virgo Clus-
ter, which has a stellar overdensity two orders of magni-
tude higher than the field (Davies et al. 2012), appear to
be four times more H i-deficient compared with background
field galaxies (Taylor et al. 2012). Crudely assuming that
the interaction rate between galaxies (as for gaseous parti-
cles) is proportional to the product of density and velocity
dispersion, an overdensity of 30 per cent will only lead to an
H i deficiency of 1 per cent or so.
4.5 Binning
We now investigate H i trends with redshift, luminosity and
colour. We split the parent sample into bins containing
roughly equal source counts. We then stack the mass spectra
of all sources within each subsample. By splitting the SGP
parent sample into three bins and the HIPASS sample into
eight bins, we can still achieve a statistically significant de-
tection in each. Tables 3 and 4 show the properties of each
SGP and HIPASS subsample, respectively. The variation of
the average H i mass and mass-to-light ratio in each bin is
plotted in Fig. 9.
To minimize confusion in our results, we have re-
stricted the measurement of both 〈MH i〉 and 〈MH i/L〉 to
the ±300 kms−1 spectral range, as in Section 4.3. We have
adjusted the luminosities to account for confusion (via equa-
tion 8) before binning. We have also used these corrected lu-
minosities (L′) to determine the mass-to-light ratios. Note,
however, that it is not appropriate to apply the MH i/L
weighting (equation 10) to this binning analysis.
The average H i mass-to-light ratios we measure are
consistent with the results of Doyle et al. (2005) who study
HIPASS galaxies with optical counterparts identified in the
6dF Galaxy Survey. They find that the bJ -band mass-to-
light ratios of these galaxies are predominantly less than
5M⊙/L⊙. For comparison, the highest mass-to-light ratio
we measure is 2.0 ± 0.2M⊙/L⊙ and is associated with the
lowest HIPASS luminosity bin.
We find that the H i mass increases and the mass-to-
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Figure 9. The average H i masses (left) and average mass-to-light ratios (right) derived by co-adding all spectra in bins of (from top
to bottom) redshift, bJ luminosity and (bJ − rF ) colour. The values are plotted at the mean value of the binned parameter in each
subsample. The error bars represent the 1σ spread within the bin. Values derived from SGP data are shown as black points, while the
HIPASS values are shown as red diamonds. The red dashed lines in the two lower-right panels show the least-squares fit to the HIPASS
points. The black dot-dashed lines show the fit to the SGP points, assuming the same gradient as the HIPASS fit. The green dotted line
shows the relationship between MH i/L and luminosity as estimated by Karachentsev et al. (2008).
light ratio decreases with bJ luminosity in both the HIPASS
and SGP samples. The former reflects the fact that more
luminous galaxies are often larger in size and therefore con-
tain greater total H i masses (eg. Toribio et al. 2011). The
fact that lower optical luminosity galaxies have higher mass-
to-light ratios has been well established through direct H i
observations (eg. Warren et al. 2006) and we have verified
here that such trends can be reproduced with a stacking
analysis.
We have performed a least-squares linear fit to the
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Property Bin range Mean rms N Integrated S/N Peak S/N 〈MH i〉(×10
9 h−2) 〈MH i/L
′〉
z 0.0406 − 0.0863 0.0651 0.0111 1082 10.2 4.8 4.90± 0.48 0.63± 0.07
0.0863 − 0.1116 0.1043 0.0066 1099 11.6 4.8 4.21± 0.36 0.22± 0.05
0.1116 − 0.1318 0.1184 0.0059 1096 23.5 9.0 9.48± 0.40 0.42± 0.04
log
(
L′/(L⊙ h−2)
)
8.645− 10.122 9.723 0.314 1082 8.5 5.5 4.22± 0.50 0.86± 0.10
10.122 − 10.576 10.364 0.129 1081 13.5 7.1 6.38± 0.47 0.28± 0.02
10.576 − 11.385 10.810 0.174 1114 16.7 6.4 7.72± 0.46 0.13± 0.01
(bJ − rF ) −1.699− 0.918 0.695 0.2019 1083 19.0 10.6 8.05± 0.42 0.73± 0.07
0.918 − 1.271 1.091 0.1061 1081 20.7 7.6 7.52± 0.36 0.42± 0.04
1.271 − 2.089 1.431 0.0980 1113 9.2 3.0 2.92± 0.32 0.15± 0.03
Table 3. Binned parameters for the SGP data. Columns (from left to right) are: the binned property, bin range, mean and rms within
the bin range, number of sources, integrated and peak signal-to-noise ratio of the stacked mass spectrum, average mass (units M⊙) and
average mass-to-light ratio (units M⊙/L⊙) calculated from the stacked spectrum.
Property Bin range Mean rms N Integrated S/N Peak S/N 〈MH i〉(×10
9 h−2) 〈MH i/L
′〉
z 0.0026 − 0.0171 0.0111 0.0043 1814 6.6 4.0 0.48± 0.07 1.28± 0.11
0.0171 − 0.0224 0.0200 0.0014 1981 9.0 6.4 0.77± 0.09 0.66± 0.13
0.0224 − 0.0265 0.0245 0.0012 1814 15.1 12.2 1.32± 0.09 0.53± 0.12
0.0265 − 0.0298 0.0284 0.0009 1964 17.3 9.8 1.12± 0.07 0.83± 0.08
0.0298 − 0.0327 0.0313 0.0008 1799 33.7 13.8 1.96± 0.06 0.94± 0.13
0.0327 − 0.0361 0.0345 0.0010 1986 36.7 15.2 1.97± 0.05 0.57± 0.11
0.0361 − 0.0388 0.0374 0.0008 1798 28.0 11.1 1.65± 0.06 0.24± 0.11
0.0388 − 0.0423 0.0405 0.0010 1937 70.2 17.4 2.35± 0.03 0.73± 0.06
log
(
L′/(L⊙ h−2)
)
6.206− 8.426 7.997 0.413 1812 7.1 7.3 0.30± 0.04 1.98 ± 0.201
8.426− 8.787 8.623 0.101 1963 19.8 6.8 0.73± 0.04 1.51± 0.10
8.787− 9.073 8.932 0.082 1810 2.4 5.4 0.20± 0.09 0.29± 0.10
9.073− 9.345 9.214 0.079 1962 18.3 11.0 1.01± 0.06 0.59± 0.04
9.345− 9.574 9.459 0.066 1811 13.8 12.3 1.59± 0.12 0.54± 0.04
9.574− 9.809 9.683 0.069 1962 26.3 12.1 1.77± 0.07 0.37± 0.01
9.809 − 10.050 9.927 0.070 1811 34.1 14.8 2.13± 0.06 0.25± 0.01
10.050 − 10.734 10.248 0.146 1962 39.1 19.2 3.88± 0.10 0.22± 0.01
(bJ − rF ) −0.994 − 0.504 0.309 0.224 1814 37.7 13.5 1.51± 0.04 1.76± 0.13
0.504− 0.629 0.572 0.035 1965 19.5 13.4 1.28± 0.07 1.16± 0.10
0.629− 0.716 0.673 0.025 1816 15.7 12.9 1.08± 0.07 0.53± 0.08
0.716− 0.807 0.762 0.027 1956 23.1 13.0 1.57± 0.07 0.73± 0.08
0.807− 0.908 0.856 0.030 1814 19.4 12.4 1.70± 0.09 0.83± 0.11
0.908− 1.056 0.977 0.043 1955 27.8 12.8 1.76± 0.06 0.44± 0.05
1.056− 1.190 1.125 0.039 1817 17.3 9.6 1.44± 0.08 0.22± 0.08
1.190− 1.958 1.287 0.090 1956 18.6 9.8 1.43± 0.08 0.10± 0.07
Table 4. Binned parameters for the HIPASS data. Columns are as defined in Table 3.
HIPASS data, as shown in Fig. 9. Fitting to the SGP data
is less robust, owing to the small number of bins. How-
ever, we perform the linear fit assuming the same gradi-
ent as the HIPASS fit. The dotted line in Fig. 9 shows the
close match of the mass-to-light versus luminosity derived by
Karachentsev et al. (2008), compared with our results (see
also Table 5). This verifies our adjustment for the luminosity
dependence of the mass-to-light ratio. The only SGP point
to substantially deviate is the lowest luminosity bin, which
is the main reason for the slightly increased value of ΩH i in
Table 2.
Similar H i trends are seen with redshift. This does not
reveal any real evolution, but arises because we do not have
a volume-limited sample and are therefore preferentially de-
tecting the higher mass and luminosity galaxies at higher
redshifts. It is precisely this bias that we are attempting to
correct via equation (10) in our above calculation of the H i
mass density.
We use the SuperCOSMOS bJ and rF magnitudes, as
defined in the 2dFGRS catalogue, to examine trends with
colour. For the SGP population, which contains high-mass
galaxies in each colour bin, a higher total H i mass is seen
for bluer sources. The HIPASS sample contains a range of
masses at all colours, and it is therefore unfair to directly
compare the H i masses in each bin. The large vertical offset
between the two samples can again be explained by the pref-
erential inclusion of higher mass sources in the SGP sample
due to the magnitude limits of the optical catalogue.
Taking the ratio with the optical luminosity removes
the galaxy size dependence, revealing a clear relationship
c© 2013 RAS, MNRAS 000, 1–14
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HIPASS SGP (Karachentsev et al. 2008)
x a b b a b
log
(
L′/(L⊙ h−2)
)
−0.46 4.00 4.35 −0.38 3.34
(bJ − rF ) −1.15 0.68 0.77 - -
Table 5. Parameters for the lines in Fig. 9 showing the derived relationships between H i mass-to-light ratio and luminosity and colour:
log(〈MH i/L
′〉) = ax+ b. The fit to the SGP points has been derived using the HIPASS gradient; hence, only the offset is quoted.
between the H i mass-to-light ratio and colour. We see that
bluer sources have higher mass-to-light ratios. Again, we
perform a linear fit to the HIPASS data, and apply this
gradient to the SGP fit. Both data sets are remarkably con-
sistent and reflect similar trends found between colour and
gas fraction in previous studies using both direct H i de-
tections (eg. Spitzak & Schneider 1998) and 21 cm stacking
experiments (Fabello et al. 2011a). This supports the notion
that galaxies with larger gas supplies are generally associ-
ated with increased star formation.
Much of the colour dependence reflects the colour-
magnitude relation and is therefore corrected for in our cal-
culation of ΩH i, which incorporates a luminosity correction
toMH i/L. However, it is possible that there remain residual
differences between galaxies in the SGP and HIPASS sam-
ples. For example, Li et al. (2012) examined the residual de-
pendence of H i-to-stellar mass ratio on a number of param-
eters, and found that a simultaneous dependence on stellar
mass and colour (as well surface brightness and colour gradi-
ent) best explains the properties of luminous SDSS galaxies.
However, after application of the luminosity correlation in
Table 5, we find no residual dependence ofMH i/L on colour
to an accuracy of 10 per cent over the mean colour difference
between SGP and HIPASS galaxies.
5 CONCLUSIONS
We have presented an H i spectral stacking analysis of galax-
ies identified in the 2dFGRS. We have shown that H i stack-
ing can be used to efficiently and accurately probe the sta-
tistical properties of high-redshift field galaxies.
Our sample consists of 15,093 galaxies at 0.0025 < z <
0.0423 and 3,277 galaxies at 0.0405 < z < 0.1319. 21 cm
data for the low-redshift sample were provided by HIPASS.
For the high-redshift sample, new 21 cm observations of a
42 deg2 field near the SGP were conducted with the Parkes
radio telescope. Many of the low-redshift optical galaxies
are found to have strong H i signatures, consistent with the
HICAT. Only one galaxy is detected above the 5σ limit in
the SGP sample.
We have co-added the H i spectra of all galaxies in our
sample, after aligning each at the rest frame. We thus report
a strong 31 σ average detection of the HIPASS galaxies and
a 12 σ detection for the SGP galaxies. The sensitivity level
we achieve for our stacked spectra is equivalent to observing
a single object for ∼ 37d. Therefore, we have shown that
spectral stacking is an effective method of making statisti-
cal detections of large numbers of individually undetected
galaxies at high redshift with reasonable integration times.
The rms noise in the stacked signal displays Gaussian
behaviour, decreasing with the square root of the number of
co-added spectra. We find no apparent intrinsic limitation
in the depth to which we can continue stacking experiments
with the Parkes telescope. This bodes well for future stack-
ing experiments with deep, large-scale H i surveys on the
next generation of radio telescopes such as the Australian
SKA Pathfinder, MeerKAT, APERTIF and ultimately the
SKA.
We measure an average H i mass of 〈MH i〉 = (1.48 ±
0.03)× 109 h−2M⊙ from the HIPASS stacked spectrum and
〈MH i〉 = (6.93 ± 0.17) × 10
9 h−2M⊙ from the SGP stacked
spectrum. However, we find that these averages, particularly
that of the SGP sample, are over estimated due to source
confusion. High-resolution follow-up observations to combat
this issue are underway with the Australia Telescope Com-
pact Array and will be presented in a future paper.
For now, we employ the Tully-Fisher relation to esti-
mate source line widths and thus to predict the extent of
confusion in our data. We then adjust the optical luminosi-
ties to include a beam-weighted sum of all confused galaxies.
Finding the average mass-to-light ratio and accounting for
sample bias, we derive the cosmic H i mass density (ΩH i).
We find ΩH i = (2.82
+0.30
−0.59) × 10
−4 h−1 at 0 < z < 0.04
and (3.19+0.43−0.59) × 10
−4 h−1 at 0.04 < z < 0.13, i.e. we find
no (12±23 per cent) evolution over the past ∼ 1 h−1Gyr.
Within the error margins, these values agree with previous
ΩH i estimates made via direct detections in the HIPASS,
ALFALFA and AUDS surveys. We argue that our results
are far more robust to cosmic variance.
Finally, we employ the stacking technique to investigate
the variation of H i properties with redshift, luminosity and
colour. Trends seen with redshift are obscured by selection
effects. We find that lower luminosity galaxies have lower
total H i masses but higher mass-to-light ratios. We also
see a decrease in the mass-to-light ratio from blue to red
galaxies. These results agree with direct observations.
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